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Nodal factors are morphogens that are known to be key regulators of body 
plan and axis determination in multicellular organisms. They have roles in 
maintaining pluripotency, cancer metastasis, left-right asymmetry and germ 
layer induction. Our lab has been interested in the role of zebrafish Nodal in 
the determination of embryonic axis. In particular, our lab focuses on squint, 
which is one of the three Nodal homologues present in the zebrafish. Previous 
work has shown that maternal squint RNA localizes asymmetrically to the 2 
cells of a 4 cell stage zebrafish embryo. Localization of squint RNA is 
dependent on the presence of intact microtubules and on its 3’UTR. The 
Dorsal Localization Element (DLE) was mapped to the first 50 nucleotides of 
the 3’UTR of the RNA and these 50 nucleotides are necessary and sufficient 
to confer asymmetric localization.  
The cells that contain the localized squint RNA end up in the future dorsal side 
of the embryo. In order to understand how squint RNA localizes to the future 
dorsal the trans-acting proteins need to be identified. In this effort, a 
biochemical RNA gel shift experiment was conducted and the candidates 
identified. This method identified direct RNA binders, however, no motors or 
microtubules interacting proteins were identified. In order to identify these I 
set on to use Tobramycin RNA affinity pull down technique to purify the 
entire protein complex. 
In this method, I used the tobramycin antibiotic bound to NHS (N-
Hydroxysuccinimide)-activated sepharose beads and a tobramycin binding 
RNA aptamer fused to the gene of interest. The following constructs were 
used for the experiments namely squint 5’UTR: aptamer: squint 3’UTR, 
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aptamer: squint 3’UTR, aptamer: squintΔ50 3’UTR and globin 5’UTR: 
aptamer: globin 3’UTR. These constructs were in-vitro transcribed and then 
used to bind to the tobramycin bound beads. This was used as a bait to pull-
down RNA binding proteins and then analysed with LC-MS/MS. For the pull-
down, zebrafish 1 cell embryo lysates were used. Ybx1 protein was used as 
positive control for binding to sqt 3’ UTR RNA. This technique was optimized 
for RNA binding and protein washes. This technique is robust and 
reproducible in independent preparation. Preliminary results have identified a 
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CHAPTER 1:  INTRODUCTION 
1.1   RNA LOCALIZATION 
RNA localization is a developmentally important process that is adapted in 
various contexts to achieve different end points. RNA localization is one of 
the many processes where RNA plays a key role, such as RNA enzymes 
(ribozymes), as sensors (riboswitches), RNA editing, RNA splicing and as 
information transfer molecules from DNA to proteins. There is even a RNA 
world hypothesis which predicts RNA to have been the genotype and 
phenotype of primitive organisms and the current DNA-based life forms 
evolved from RNA-based precursors (Gilbert et al., 1986). Thus, RNA can be 
considered a master regulator of various physiological processes. 
 
RNA localization is a conserved process from bacteria to higher mammals. In 
bacteria it has been shown that the bglF and bglG mRNA’s of the Bgl operon 
(required for the regulated usage of Aryl beta-glucosides) are localized near to 
the membrane in a bglF dependent manner but independent of their translation 
(Nevo-Dinur et al., 2011). Another example from bacteria is the localization of 
the regulatory tmRNA (transfer-messenger RNA) and the SmpB (Small 
Protein B) complex during the G1 phase (Russell et al., 2009). 
 
In the budding yeast, Saccharomyces cerevisiae, ASH1 mRNA localizes 
specifically to the daughter cell and confers the mother cell with ability to 
switch mating types (Long et al., 1997). This process is dependent on ASH1 
mRNA translation, multiple cis-elements in the coding sequence and 3’ UTR 
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of the RNA and actin cytoskeletal network (Gonzalez et al., 1999, Takizawa et 
al., 1997). 
 
Amongst invertebrates, Drosophila melanogaster has served as an excellent 
model to study RNA localization. In stage 8 oocytes, osk RNA localizes to the 
posterior pole and is involved in localization of other posterior determinants. 
osk RNA has roles in germ cell development and abdominal segmentation 
(Ephrussi et al., 1991). osk RNA also regulates the localization of nanos RNA, 
which is the indirect inhibitor of the hunchback RNA in the posterior of the 
embryo (Gavis et al., 1992). Translation of both RNA’s is dependent on 
localization (Lasko et al., 2003, Rongo et al., 1995) and both of them have 
roles in determining the anterior–posterior polarity in the Drosophila embryo. 
 
Amongst higher vertebrates, a lot of work has been done on Xenopus. In 
Xenopus one of the earliest localized RNA to be identified was the Vg1 
mRNA. Vg1 encodes a member of the TGFβ superfamily and Vg1 mRNA 
localizes to the vegetal pole of the Xenopus egg (Weeks et al., 1987). After 
fertilization of the eggs, Vg1 RNA is distributed to the presumptive 
endodermal cells and has been shown to be an inducer of mesoderm (Birsoy et 
al., 2005). 
 
In zebrafish, wnt8a RNA has been shown to be a potential candidate for a 
maternal dorsal determinant and localizes in an asymmetric manner as a 
crescent on one side of the vegetal pole during the first half hour post 
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fertilization. Overexpression of dominant negative forms of Wnt8a creates a 
ventralized embryo (Lu et al., 2011). 
 
In mammary epithelial cells, it has been shown that ZO-1 mRNA localizes to 
the tight junctions and this controls their polarity (Nagaoka et al., 2012; 
reviewed in Medioni et al., 2012). Similarly, the accumulation of β-actin RNA 
is responsible for directional migration of fibroblast cells (Lawrence and 
Singer, 1986; Mingle et al., 2005; reviewed in Medioni et al., 2012). 
 
1.2 NODAL: THE MOVERS AND SHAKERS OF EARLY 
DEVELOPMENT 
 
Nodals are secreted morphogens of the TGFβ superfamily.  They have roles in 
axis determination (Toyoma et al., 1995; Rebagliati et al., 1998; Feldman et al., 
1998), mesendoderm specification (Feldman et al., 2000), nervous system 
patterning (Shen, 2007), maintenance of pluripotency (James et al., 2005) and 
cancer (Topczewska et al., 2006). Nodal are made as pro-proteins and then 
cleaved by convertases like the Furin and Pace4 at the R-X-(K/R/X)-R motif 
(Beck et al., 2002). Mammalian, frog and zebrafish Nodals signal through a 
set of highly conserved protein and effectors. The signaling cascade includes 
the Activin Type I serine/threonine kinase receptor (Alk4), Type II 
serine/threonine kinase receptor (ActRIIA/B), the co-receptor (Cripto/Oep), 
Signal tranducer (Smad2/3 and Smad4), effectors (Mixer/FoxH1) and finally 





Figure1.1: Schematic of Nodal Signaling pathway. A. Nodal pro-proteins 
are cleaved by convertases like Furin and Pace4. B. Mature Nodal ligands 
bind to the co-receptors EGF-CFC along with Type I receptor (ALK4) and 
Type II receptor (ActRII or ActRIIB). C. Lefty and Cerberus proteins are 
Nodal antagonists that interact with the Nodal Ligand. D. Ligand binding 
induces Type I receptor phosphorylation by the Type II receptor kinase and 
also Smad2/3 Phosphorylation. Activated Smad2/3 binds to Smad4 and 
translocates into the nucleus to induce target gene transcription. E. In the 
nucleus the Smads interact with the winged-helix transcription factor 
FoxH1 or the Mixer homeodomain protein along with ARC-105/Mediator 
complex to induce transcription of downstream target genes (Extracted 
from Shen et al., 2007). 
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Nodals have been widely implicated in cancer with a high degree of 
correlation to their invasiveness (Topczewska et al., 2006). The Nodal 
signaling cross-talk with Notch signaling has been well documented and it has 
been shown that Nodal is a direct target of Notch signaling (Strizzi et al., 
2009). This is in parallel to evidence which shows that, during the 
determination of left-right asymmetry, Notch regulates Nodal (Krebs et al., 
2003). Human embryonic stem cell microenvironment has been shown to have 
tumor-suppressive effects because of its ability to produce Lefty (the Nodal 
Inhibitor) (Postovit et al., 2009). Aggressive forms of melanoma (Topczewska 
et al., 2006), growth and progression of prostate cancer (Lawrence et al., 
2011) and malignant testicular carcinoma (Spiller et al., 2012) have been 
shown to be directly the result of mis-regulated Nodal signaling. 
 
Nodals have also been shown to regulate different aspects of pluripotency. 
Human and mouse ESC’s require active TGFβ/Activin/Nodal branch of TGFβ 
signalling along with activated Smad2/3 for maintaining the undifferentiated 
state (James et al., 2005). This requirement is also true for the maintenance of 
pluripotency markers of the inner cell mass in the mouse blastocyst cultures 
(James et al., 2005). In Mouse ESC’s, it has been shown that the autocrine 
Nodal signalling regulates BMP signalling at the level of SMAD7 and this 
cross talk is essential for the maintenance of pluripotency (Galvin et al., 2010). 
In a sub-population of 12.5dpc mouse germ cells Cripto, the Nodal co-receptor, 
is expressed at high levels suggesting a high degree of correlation to 
pluripotency (Spiller et al. 2012). There is also evidence that shows FGF2 and 
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Nodal cooperate in maintaining pluripotency of hESC’s in the absence of 
feeder cell layers or conditioned medium (Vallier et al., 2005). 
 
In zebrafish three Nodals have been identified namely Nodal related 
1(ndr1)/znr2/squint (Erter et al., 1998), ndr2/znr1/cyclops (Rebagliati et al., 
1998; Sampath et al., 1998) and ndr3/southpaw (Long et al., 2003). Nodals 
have been implicated in embryonic axis formation namely the dorso-ventral 
axis and the anterior-posterior axis, in mesendoderm induction from the yolk 
syncytial layer, midline signaling, ventral brain and floorplate induction, 
organizer development, germ layer formation and left-right asymmetry (Erter 
et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998; Schier and Shen, 
2000; Gore et al.,2005; Chen et al., 2006; Rivera-Perez et al., 2003; Schier and 
Talbot, 2005 and Shen, 2007).  
 
 Zebrafish ndr2 (nodal related 2)/znr1/cyclops mutants have defects in the 
ventral midline patterning as seen by loss of medial floorplate and anterior 
defects which includes severe cyclopia (Rebagliati et al., 1998). Ndr2 has been 
shown to be an efficient neural inducer and is one of the first genes to show 
asymmetric expression in the left diencephalon and left lateral plate 
(Rebagliati et al., 1998). ndr2 RNA has also been shown to be expressed in the 
dorsal mesendoderm until gastrulation and prechordal plate until early 
somitogenesis and mutants show severe mesendoderm defects (Thisse et al., 




Zebrafish ndr3 (nodal related 3)/southpaw is the third member of the Nodal 
family and is involved in left-right asymmetry of visceral organs and 
diencephalon. ndr3 RNA expression is seen bilaterally in the paraxial 
mesoderm precursors and in the left lateral plate mesoderm. This left-sided 
expression seems to be necessary for asymmetry of heart, pancreas and also 
the diencephalon (Long et al., 2003).  
 
Zebrafish ndr1 (nodal related 1)/znr2/squint is a gene similar to mouse nodal. 
Early studies showed that its expression is seen on one side of the blastoderm 
margin during the dome stage and then all through the margin during early 
epiboly stages (Rebagliati et al., 1998; Erter et al., 1998; Feldman et al., 1998). 
At the shield stages the expression is narrowed down to a small region in the 
organizer which corresponds to the non-involuting dorsal fore-runner cells 
(Rebagliati et al., 1998; Erter et al., 1998; Feldman et al., 1998). It was also 
shown in Xenopus animal cap explants that injection of ndr1 RNA induces 
expression of pan-mesodermal markers and similar injections in zebrafish 
embryos causes either the expansion of dorsal or a secondary axis suggesting 
that Ndr1 has mesoderm inducing activity (Rebagliati et al., 1998; Erter et al., 
1998; Feldman et al., 1998). Northern blot and RT-PCR analysis also shows a 
maternal expression of this transcript (Rebagliati et al., 1998; Erter et al., 
1998). It was also shown that ndr1 RNA expression is seen in the yolk 
syncytial layer (YSL) which is thought to be the source of signal for organizer 
formation and mesendoderm induction and misexpression of Ndr1 in the YSL 
causes ectopic or expanded dorsal mesoderm (Erter et al., 1998; Feldman et al., 
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1998). In sqt;cyc double mutants the marginal cells remain clustered with no 
clear hypoblast layer and loss of involution (Feldman et al., 2000). 
 
1.3 sqt RNA localization 
 
Maternal sqt mRNA had been detected using Northern blot but its distribution 
in early embryos was detected only as early as the dome stage (Rebagliati et 
al., 1998). Later RNA in-situ hybridization on activated egg showed that at 5 
and 10 minutes post activation RNA formed aggregates in the yolk, which by 
30 minutes reached the blastoderm. This process was found to be dependent 
on microtubules as shown by the disruption of transport to blastoderm upon 
treatment with nocodazole but not with Latrunculin A (Gore et al., 2002). In-
situ hybridization at 2, 4 and 8 cell stages showed that the RNA localizes in an 
asymmetric pattern to 2 cells of a 4 cell stage embryo (Gore et al., 2005) 
(Figure 1.2).  Alexa-488 labelled sqt RNA behaves in a similar way and the 
localization process is inhibited by nocodazole treatment (Gore et al., 2005). 
This localization process is neither dependent on the initial cleavage plane nor 
is the RNA localized close to the centrosomes (Gore et al., 2005). In order to 
identify the cis-elements required for RNA localization, the UTR’s were 
analysed and found that the first 50 nucleotides of the 3’UTR are both 
necessary and sufficient to confer asymmetric localization (Gore et al., 
2005)(Figure 1.3). A similar localization pattern is conferred by human 
NODAL 3’UTR (Gore et al., 2005) suggesting possible conservation of cis-
elements. An injected lacZ-sqt3’ UTR RNA when stained for β-Gal protein 




Figure 1.3: Schematic representing sufficiency and necessity of the first 50 
nucleotides of sqt3’ UTR for asymmetric localization. A. sqt full length RNA,  
B. lacZ fused to sqt3’UTR, C. sqt coding sequence fused to glo3’ UTR, D. sqt 
coding sequence fused to the first 50 nucleotides of the sqt 3’UTR, E. ATG 







Figure 1.2: RNA in-situ Hybridization for Maternal sqt RNA. Seen here is 
the localization of maternal sqt RNA to 2 cells in a 4 cell stage Zebrafish 
embryo (Extracted from Gore et al., 2005). Picture on the right is the dorsal 
view at 1000 cell stage. 
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determination (Gore et al., 2005). In order to further confirm its role, 
fluorescently labelled lacZ-sqt3’ UTR RNA was injected and the cell that 
contains the lacZ-sqt3’ UTR RNA were surgically removed. This resulted in 
various degrees of ventralization (Gore et al., 2005). These experiments were 
followed by squint morpholino injections into the oocyte and then in-vitro 
fertilization to study the maternal role of sqt RNA. These experiments showed 
that the effects on the loss of dorsal structures was more severe in the 
morpholino injections to the oocyte than fertilized egg strongly suggesting a 
maternal role for sqt RNA which was later shown to be independent of the 
Wnt signalling pathway (Gore et al., 2005; Lim et al 2012).  These finding 
also indicate that the embryonic axis may be determined very early in 
zebrafish development. Further studies to fine map the localization elements in 
the first 50 nucleotides of the 3’UTR revealed 2 conserved motifs with one 
predicted to have a stem loop structure (Gilligan et al., 2011). It was also 
shown that both the structure and sequence of these motifs were important 
(Gilligan et al., 2011). This region encompassed a roughly 20 nucleotide 
region in the 3’UTR of the sqt RNA termed the Dorsal Localization Element 
(DLE) and overlapped with the miR-430 recognition site (Giraldez et al 2006; 
Choi et al., 2007; Gilligan et al., 2011). 
 
 
Further experiments showed that the sqt 3’ UTR has a non-coding function 
that can transiently expand dorsal markers, even when mutant forms of the 
RNA or the heterologous RNA fused to 3’UTR were injected (Lim et al., 
2012). This function was also shown to be independent of functional Squint 
protein synthesis or the Nodal signalling pathway but dependent on a 
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functional Wnt signalling pathway (Lim et al., 2012). Experiments also 
showed that dorsal expansion was not dependent on the DLE or localization, 
but the squint ATG morpholino injections resulted in loss of gsc expression 
and nuclear β-catenin accumulation suggesting, though DLE and region 
surrounding start codon are required for localization, they have differential 
effects on the dorsal expansion phenotype (Lim et al., 2012). These results 
show for the first time a non-coding function of nodal RNA in axis 
determination by possibly acting as a scaffold to carry upstream regulators of 
nuclear β-catenin. 
 
All this knowledge led me to further study the proteins that bind squint RNA 
on its 5’UTR, start codon and 3’UTR, which will be required for its 
localization and other functions. For this, I adapted a RNA affinity purification 
technique using the tobramycin aptamer. 
 
 
1.4 RNA AFFINITY PURIFICATION TECHNIQUES 
 
RNA based affinity purification of protein or RNP complexes have been in use 
extensively (Hartmuth et al., 2002; Czaplinski et al., 2005; Ward et al., 2011). 
There are two major types of RNA affinity tags namely naturally occurring 
RNA stem-loops with high affinity to a specific RNA binding protein and 
artificially selected small sequence tags (aptamer) that have affinity to small 




Among the naturally occurring RNA stem loops/protein interactions the most 
commonly used are the MS2 Bacteriophage Coat Protein (CP) which binds 
with high affinity to MS2 RNA binding sites (Beach et al.,1999, 2008), 
bacteriophage R17 with its affinity to a short hair-pin in its genomic RNA 
(Bardwell et al., 1990), λ phage N anti-terminator protein binds specifically to 
BoxB sequence of the N utilization site of λ phage RNA (Czaplinski et al., 
2005) and Pseudomonas phage 7(PP7) coat protein with its PP7 operator 
region  (Lim et al., 2001, 2002). 
 
Some of the artificially selected aptamers that have specificity for small 
molecules are the aptamers that bind streptavidin (Srisawat et al., 2002), 
tobramycin antibiotic (Wang et al.,1995; Hartmuth et al., 2002; Ward et al., 
2011) or those that bind streptomycin antibiotic (Bachler et al., 1999).  
 
Protocols where these tags have been combined in tandem with other tags 
have been used with varying degree of efficiency.  Some of these include the  
Ribotrap where the MS2 CP is in tandem with Staphylococcus aureus Protein 
A which has a high affinity for the Immunoglobulins (Beach et al., 2008), a 
PP7 aptamer with Tobramycin aptamer (RAT) (Hogg et al., 2007), MS2-CP 
with Strepatvidin Binding protein (Slobodin et al., 2010) and Strepavidin 
aptamer with a tRNA tag (tRSA) (Iioka et al., 2011). The tobramycin aptamer 
has been used isolate the entire spliceosomal complex (Hartmuth et al., 2002). 
These techniques also differ in the affinities of the RNA stem-loops to their 
cognate binding partners and their stabilities to ionic liquids. Since the 
tobramycin aptamer has one of the highest affinities to tobramycin antibiotic 
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compared to other aptamers to their cognate antibiotic and has been used for 
isolating an entire protein complex (Hartmuth et al., 2002) this was selected in 






Figure 1.4: Schematic showing the Tobramycin pulldown protocol. A. N-Hydroxy 
succinimide activated sepharose beads are charged with Tobramycin antibiotic. B. 
In-vitro transcribed RNA are incubated with the beads and washed. C. Zebrafish 1 
cell embryo lysate is incubated with the RNA-Bead complex. D. The beads are 
washed extensively with the optimized protein wash buffer. E. The RNA protein 
complex is eluted using 5mM Tobramycin in a competitive manner. F. The elute is 




CHAPTER 2: OBJECTIVES 
 
The localization of sqt RNA in an asymmetric manner to 2 cells of a 4 cell 
stage zebrafish embryo led us to further analyse the factors that might be 
involved in this process. Since it was shown that apart from the DLE (Gilligan 
et al., 2011), the region surrounding the start codon was also important in 
localization, we hypothesized that the UTR of the RNA might interact through 
protein factors. Since the dorsal expansion activity of sqt3’ UTR was found to 
be dependent on the functional Wnt signalling pathway, the factors which link 
this non-coding function to the Wnt signalling must be identified. Previous 
work done in the Sampath lab using biochemical RNA gel-shift assays 
identified direct RNA binding proteins but not microtubule interacting 
proteins or motor proteins (Kumari et al., Submitted). 
All these open questions led me to design an experiment to determine the 
factors that bind to these regions. The major objectives of this project were 
-  To optimize a non-denaturing RNA affinity pull down protocol to be 
used in Zebrafish 
- To perform optimization and scale up. 
- To test and perform LC-MS/MS analysis (also check for positive 
control). 







CHAPTER 3:  MATERIALS AND METHODS 
 
3.1 CLONING AND PLASMID CONTRUCTS 
 
All the aptamer:RNA cloning was done in the pCS2+ vector (Turner et al., 1994), 
with sense orientation from SP6 polymerase binding site and anti-sense from the 
T7 polymerase site. The Squint UTR and coding sequence was amplified from 
the squint full length cDNA clone using primers that had 10 base pair overlaps 
with the aptamers 5’ end or the 3’ end. The Globin UTR’s were amplified from 
the pSP644T (Krieg et al., 1984). The products were amplified individually and 
then mixed with the end primers to perform an overlap PCR (Figure 3.1). 
 
The DLE (Dorsal Localization element) deletion was done using site directed 
mutagenesis primers of 40bp length that had spanned either side of the 50 
nucleotides to be deleted. For this the aptamer:squint 3’UTR plasmid was used as 
a template and Vent polymerase (Promega) was used for doing the mutagenesis. 
 
The Aptamer was a kind gift from Dr. Alex Michael Ward, DUKE-NUS Medical 
School, Singapore. The Aptamer is 189bp long and has a tandem arrangement 
with the Tobramycin aptamer (Wang et al., 1995) flanked on either side by 







Primers (Arranged in the order of 5’ to 3’) 
 






Reverse Primer- T7 Primer 5’ AATACGACTCACTATAG 3’
For Overlap
Aptamer F        5’GATTCGAATTCTATGCTAGCGGGAGAAGA 3’












For squint 5’UTR: aptamer:
squint 3’UTR from aptamer: 
squint 3’UTR
5’UTRFShortBglII 5’CACAAGATCTACGAGCTTTATTTCAATAAC 3’
Reverse Primer- T7 Primer 5’ AATACGACTCACTATAG 3’










For Globin 3’UTR from
pSP64T
Globin3’UTR F GGTTACCACTAAACCAGCCTCAAG
Globin3’UTR R Xba1 GCCCGGGGATCCTCTAGA GTCGACCTGCA
1. aptamer: squint 3’UTR
2. aptamer: squint Δ50  3’UTR
3. squint 5’UTR: aptamer: squint 3’UTR




























Figure 3.1: Schematic of Tobramycin Aptamer constructs. A. Aptamer fused 
to sqt 3’ UTR, B. Aptamer fused to sqtΔ50 3’UTR, C. Aptamer fused to sqt 
5’UTR to its 5’end and sqt 3’UTR to its 3’end, D. Aptamer fused to glo 







3.2   IN-VITRO TRANSCRIPTION 
The sense RNA is transcribed using the SP6 RNA polymerase (Promega). The 
following is the reaction set up 
 
- 1 μg of  NotI linearized DNA 
- 10 μl of 5x Transcription Buffer (Promega) 
- 8 μl of 10 mM mix of NTP 
- 1 μl of 100 mM DDT 
- 1 μl of RNasin (Promega 40 u/µl) 
- 1 μl of G-Cap Analog (Ambion) 
- 2  μl  of SP6 RNA Polymerase (Promega 1 9u/µl) 
 
This reaction mixture is topped-up to 50 μl with DEPC water and kept in the 
37°C incubator for 3 hours. After 1.5 hours the reaction is again topped-up with 
 1 μl of SP6 RNA polymerase. Following 3 hours of incubation 1 μl of Turbo 
DNase (Ambion) is added to the reaction mixture and incubated for 40 minutes at 
37°C. After this the reaction mixture is processed for RNA purification 
 
3.3   RNA PURIFICATION 
To the 50 μl reaction mixture 15 μl of ammonium acetate stop solution is added 
and topped-up with 85 μl of DEPC water. To this 150 μl of chloroform/isoamyl 
alcohol (24:1) is added, mixed well and centrifuged at 12000xg for 10 minutes. 
After this the aqueous phase is transferred to a new 1.5ml tube, mixed with 1μl of 
glycogen and 150 μl of cold 100% isopropanol. This is mixed well and incubated 
at -20°C overnight. The next morning the tubes are again spun for 30 minutes at 
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12000xg in a cooling centrifuge and a white pellet is seen. This followed by 75% 
ethanol wash at 7600xg for 10 minutes and the pellet is air dried. This pellet is 
then dissolved in 20μl of DEPC water.  
1 μl of this RNA is mixed with 5 μl RNA loading dye (Ambion) and 4 μl of water 
and heated at 65°C for 10 minutes to remove secondary structures. The same is 
done with 1 μl of the 500bp RNA ladder (Invitrogen). The RNA is then loaded on 
to a 20 mM phosphate buffer agarose gel (1.5%) and run for 40 minutes at 65 
volts. 
 
3.4   RNA QUANTIFICATION FOR AFFINITY PULL DOWN 
RNA used for binding to the beads is equivalent to 120 pM. The amount of RNA 
in picomoles (pM) is converted into micrograms (μg) by using the formulae 
 
pM x  N x 340pg/pM x 1/10
6 pg=μg 
Hence, for the each of the RNA, the following are the μg equivalent of 120 pM 
squint 5’UTR:aptamer:squint 3’UTR = 24.8472 μg 
aptamer:squint 3’UTR= 21.3384 μg 
aptamer squintΔ50 3’UTR= 19.2984 μg 
globin 5’UTR:aptamer:globin 3’UTR= 18.4008 μg 
 
3.5 TOBRAMCYIN AFFINITY PULLDOWN: BUFFERS AND 
REAGENTS 
Coupling Buffer pH 8.3 (NaOH):  
0.2 M NaHCO3,  
0.5 M NaCl, 
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Blocking buffer A pH 8.0 (HCl):  
0.2 M NaHCO3,  
0.1 M NaCl,  
1 M ethanolamine,  
4X Binding buffer (4XBP):  
80 mM Tris-HCl(pH8.1 at 21.5°c),  
4 mM CaCl2, 
4 mM MgCl2,  
2 mM DTT (Added when used) 
Blocking buffer B: 
1XBP,  
300 mM KCl,  
0.1 mg/ml tRNA,  
0.5 mg/ml BSA,  
0.01%NP-40. 
Lysis Buffer:  
20 mM Hepes-KOH (pH-7.9), 
100 mM KCl, 
1.5 mM MgCl2, 
0.2 EDTA (pH-8.0), 
0.5 mM DTT, 
10% glycerol 







145 mM KCl,  
0.1 mg/ml tRNA. 
145mM KCl washing buffer (W145): 
1XBP,  
145 mM KCl, 
0.1% NP-40. 
 
Elution buffer (E145T): 
1X BP, 
5 mM tobramycin, 
145 mM KCl, 
2 mM MgCl2. 
Optimized protein washing buffer: 
1XBP,  
75 mM NaCl, 
145 mM KCl, 
3 mM MgCl2, 
0.5% NP-40. 
Protease inhibitor cocktail tablet (1 tablet/10 ml). 






3.6     ZEBRAFISH 1 CELL EMBRYO LYSATE 
 
The lysate is prepared by collecting embryos as soon they are laid and lysing 
them using equal volume of lysis buffer (Materials and Methods) (Hartmuth et al., 
2002) containing the protease inhibitor cocktail (Roche) within the first 20 
minutes. The embryo with lysis buffer is lysed in a 7 ml dounce homogenizer. 
The concentration of lysate is then measured using Bradford reagent (Bi-Rad) 
with BSA for the standard. 10 mg of lysate (generally at 10 μg/μl or equivalent of 
1000 embryos) is then mixed with Heparin at 2.5 μg/μl (50 mg/ml) and kept on 
nutator for 15 minutes at 4°C. 
 
3.7    TOBRAMYCIN AFFINITY PULLDOWN FOR squint RNA BINDING    
      PROTEINS (Figure 1.4). 
 
3.7.1. MAKING THE TOBRAMYCIN AFFINITY BEADS 
1. The beads used here are the NHS (N-hydroxysuccinimide) activated 
Sepharose 4 fastflow (GE Healthcare). This contains an ester moiety 
which can bind to any primary amino group containing compound to 
form a covalent amide bond. 
2. Firstly 2 ml equivalent packed volume of beads are washed with 9 ml 
of 1mM Hydrochloric acid solution 4 times and spun at 250g for 1 
minute at 4°C. 
3. The bead are then resuspended in 1 ml of 5 mM Tobramycin solution 
(50 μl of 100mM Tobramycin in 950 μl of Coupling buffer) and leave 
it on a nutator overnight at 4°C. 
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4. Next day the beads are centrifuged and supernatant removed. The 
Beads are then resuspended in 8 ml of Blocking Buffer A (Materials 
and Methods) on a nutator at room temperature for 2 hours. 
5. After this the beads are spun down at 250g for 5 minutes at 4°C and 
washed three times with cold PBS and twice with PBS containing 
0.02% Sodium azide. 
6. This washed beads in resuspended in 2 ml of PBS/0.02% Sodium azide 
solution and stored at 4°C for up to 3 months. 
 
3.7.2. BINDING OF BEADS TO RNA AND WASHING 
 
1. The day before the experiment is going to be performed, 30 μl packed 
volume of beads in 1.5 ml eppendorf tube are spun down at 300 g for 5 
minutes at 4°C to remove the PBS/0.02% Sodium azide solution. The 
beads are then blocked in 250 μl of Blocking buffer A (Materials and 
Methods) overnight on a nutator at 4°C. 
2. The next day the beads are spun down at 300g for 5 minutes to remove 
the blocking buffer and then incubated with RNA for 1.5 hours. 
3. The RNA is made by dissolving 120 pM RNA in the 400 μl of binding 
buffer and heating the solution at 65°C for 10 minutes. This is then 
allowed to remain at room temperature for another 10 minutes. 
4. 5 μl of this solution is removed as input and the rest is added on to the 
beads and incubated for 1.5 hours at 4°C. 
5. After this incubation the RNA-Beads slurry is spun down and again 5 
μl is removed to check for binding.  
33 
 
6. After removing the supernatant the Beads are washed 4 times with 1 
ml of RNA wash buffer with one minute on the nutator at room 
temperature followed by centrifugation at 250g for 5 minutes at 4°C. 
7. The washes are kept aside to check them on the gel (Figure 4.2). 
8. At this step the RNA can be eluted to check for binding and elution 
efficiency using the Elution buffer containing 5 mM tobramycin. 
9. These steps are performed for 4 different namely the 
squint5’UTR:aptamer:squint3’UTR, aptamer:squint 3’UTR, 
aptamer:squintΔ50 3’UTR and globin5’UTR:aptamer:globin3’UTR. 
10.  If the elution is not being done at this step, the beads are now ready 
for incubation with embryo lysate. 
 
3.7.3. PROTEIN BINDING 
1. The lysate is prepared by collecting embryos as soon they are laid and 
lysing them using equal volume of lysis buffer (Materials and 
Methods) containing the protease inhibitor cocktail (Roche) within the 
first 20 minutes. 
2. The concentration of lysate is then measured using Bradford reagent 
(Bi-Rad) with BSA as the standard. 
3. 10mg of lysate (generally at 10 μg/μl or equivalent of 1000 embryos) 
is now mixed with Heparin at 2.5 μg/μl (50 mg/ml) and kept on nutator 
for 15 minutes at 4°C. 
4. After this, each of the RNA bound beads are mixed with 10 mg of 




5.  After this the beads are then centrifuged at 300g for 5 minutes at 4°C 
and the supernatant is removed. 
6. This is followed by six washes using the optimized protein wash buffer 
which has been modified from the original protocol (Hartmuth et al., 
2002). All the six washes were performed at room temperature on a 
nutator for 10 minutes followed by centrifugation at 300g for 5 
minutes at 4°C. 
 
3.7.4. ELUTION 
1. These washes are followed by elution using 100 μl of elution buffer 
(Material and Methods). 
2. The elution was done for 20 minutes at 4°C with a head-over-tail 
rotation. 
3. 10 μl of the elutes are run on a 5-16% gradient SDS-PAGE gel to 
visualize using silver staining and the rest is processed for the Mass 
spectrometry. 
 
3.8   SDS-PAGE  
 
Protein samples were concentrated from the initial volume either by direct 
lyophilisation or precipitation with cold ethanol at -20°C for 16 hours. This was 
followed by centrifugation and the pellet was washed again with cold ethanol and 
then lyophilized. The samples were then dissolved in SDS-PAGE sample buffer 
(Bio-Rad Laemmli Sample buffer), then reduced with 10 mM TCEP (tris(2-
carboxyethyl)phosphine) for 30 minutes at 55°C. This was followed by alkylation 
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with 25 mM Iodoacetamide at room temperature for 60 minutes in the sample 
buffer. Separation was carried out on a 4-12%pre-cast SDS-PAGE gel (Novex) 
and then the gel was stained with coomassie to visualise the bands.  
 
3.9   PROCESSING OF STAINED GEL FOR LC-MS/MS 
 
The whole gel lane was cut into 24 equal sized bands and was transferred into V-
well shaped 96 well mircotiter plates with a hole of 0.3 mm in the bottom of each 
V-well (Proxeon, Denmark). The bands were then destained with 50% ethanol/5 
mM TEAB (triethylammonium bicarbonate), pH 8.6, twice for 60 minutes each. 
After this the solvent was removed from the microtiter plate by centrifugation at 
1000 RPM for 1 minute. This was followed by 2 washes with 5 mM TEAB 20 
minutes each, dehydrated for 20 minutes with 100% ethanol. After this the 
samples were again rehydrated with 5 mM TEAB for 20 minutes and then 
dehydrated twice with 100% ethanol for 15 minutes each. Trypsin at a 
concentration of 10 ηg/μl in 5 mM TEAB was added to a volume of 20 μl for 
each well. This was incubated for 20 minutes at 4°C and then centrifuged. Then 
20 μl of 5mM TEAB was added following which the digestion carried out at 
37°C for 16 hours and then samples were acidified with 5 μl of 5%FA 
(trifluoroacetic acid). After this the samples were washed twice with 25 μl of 
1%FA in water, once with 0.5%FA in 60% Acetonitrile and finally twice with 
100% Acetonitrile (ACN) for 20 minutes each. All extraction solvents were 





3.10 LIQUID CHROMATOGRAPHY TANDEM MASS SPECTROMETRY 
 
For the LC-MS/MS analysis the samples were dissolved in 10 μl of 0.1%FA in 
water. The analysis was itself carried out on an AGILENT6520 QTOF with Chip 
cube equipped with 1200 nano-flow HPLC with thermostated micro-well plate 
autosamplers and capillary loading pump. The HPLC column was ReprosilC18 
(Dr. Maisch, Germany) packed into the chip-format (AGILENT) with 150x0.075 
mm separation columns and 40 ηl trap column. 5 μl of the sample was injected at 
a flow rate of 4 μl/minute in 3% ACN in water and 0.2% of FA onto the trap 
column. This was then eluted with a linear gradient ranging from 10% ACN in 
water, 0.2% FA to 40% ACN in water and 0.2% FA over 40 minutes with a flow 
rate of 300 ηl/minute. The Mass spectrometer was set to collect 4 MS 
spectra/second and if doubly or triply charged ions, in a mass range from 350 - 
1400 m/z were detected, above a preset intensity level of 1,000 counts (arbitrary 
units), 2 MS/MS spectra / second were recorded from the most intense ions. 
These ions were excluded from being taken again after 1 repeat and included 
again after 20 seconds. The instrument performance was controlled with an 
injection of 100 femtomole tryptic BSA digest (Michrom Bioresources) under the 
same conditions. A minimum score, signal intensity, and sequence coverage 
above 50% had to be reached before the samples were started. 
The raw data were converted after each run into mzdata.xml format by 
MassHunter Quantitative software (AGILENT) and submitted to search against 
the Danio rerio IPI database or against uniprot.trembl database with species 
limitation. The search was carried out with MASCOT Server 2.3 version. The 
fixed modifications namely carbamidomethylation on Cysteine (after reduction 
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and alkylation) and the variable modifications namely oxidation of Methionine, 
pyro-Glutamate of N-terminal Glutamine, deamidation of Glutamine and 
Asparagine were both considered for data analysis. These modifications are 
sample preparation and ionization dependent artefacts. The mzdata.xml files 
were also searched against the Danio rerio database using PEAKS version 5.3 or 


















 Figure 3.2: Schematic for sample processing and LC-MS/MS.  
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CHAPTER 4:      RESULTS 
 
4.1 TOBRAMYCIN AFFINITY PULLDOWN FOR squint RNA 
BINDING   PROTEINS: OPTIMIZATION STRATEGY. 
 
4.1.1 CONSTRUCTS USED FOR THE PULL DOWN EXPERIMENTS. 
 
 
The aim of the pull down experiments was to purify proteins that bind the 
squint (sqt) RNA UTR’s and responsible for its localization. In order to this 
the tobramycin aptamer was fused to the following UTR’s of either sqt RNA 
or the globin (glo) RNA (Figure 4.1), namely 
 
- squint 5’UTR:aptamer: squint 3’UTR, 
- aptamer:squint 3’UTR,  
- aptamer:squintΔ50 3’UTR  and 
- globin 5’UTR:aptamer:globin 3’UTR. 
 
The aptamer:squint 3’UTR contains the full length sqt 3’ UTR which is which 
is required for sqt RNA localization. This constructs helped us purify the 
entire complex of proteins that binds to the 3’UTR and may be required for 
localization of the RNA. 
 
The squint 5’UTR:aptamer:squint 3’UTR construct has the sqt 5’UTR and sqt 
3’UTR flanking the aptamer. The 5’UTR had been included in this construct 
as a morpholino targeting the ATG region of the sqt RNA blocks localization 
(Lim et al., 2012). Thus it was important to include the 5’UTR along with 











The aptamer:squintΔ50 3’UTR construct lacks the sqt RNA localization 
element (dorsal localization element-DLE), which is the first 50 nucleotides of 
the RNA. Comparing the pulldown profile of this construct with the full length 
sqt UTR constructs will give us proteins which specifically bind to the DLE.  
 
The globin 5’UTR:aptamer:globin 3’UTR is used as a control as it does not 
localize in zebrafish embryo (Gore et al., 2005). 
 
 
4.1.2. WASH OPTIMIZATION TO DETERMINE STABILITY OF 
RNA-BEAD MATRIX. 
 
The protocol for RNA binding was adapted from the Hartmuth et al., 2002 and 
was shown to result in an effective binding of RNA to the beads even after 
four washes with RNA wash buffer (Figure 4.2). 
 
The RNA’s used in the sqt RNA affinity pulldown experiments were of 
different lengths and some of them had sequences to the 5’ end of aptamer. 
Hence, the wash buffers had to be optimized in order to achieve maximum 
binding to the tobramycin beads and minimal elution during the subsequent 
washing steps.  
 
In order to achieve this, a series RNA elution buffers (without tobramycin) 
each differing in the concentration of potassium chloride (KCl), was used to 
check for strength of RNA-Bead interactions, with increasing salt 
concentration. The experiment was performed using the same steps as 




















Figure 4.2: RNA gel for Tobramycin Aptamer RNA binding. Lane 1- 500bp RNA Ladder; 
Lanes 2 -5 show input (IN) RNA; Lanes 6-9 show that all RNA is bound to the beads and 
there is nothing in the supernatant (SN); Lanes 10-13 show RNA washes (W) does not elute 
out the RNA. 
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was followed by 4 washes using the RNA wash buffer. Following these 
washes, the RNA-Beads matrix was washed using increasing concentration of  
KCl in 1xBP, to determine the maximum concentration of salts which can be 
used in the subsequent washes, to maintain the integrity of RNA-Bead 
complex. 
 
For this experiment, aptamer:squint 3’ UTR and globin 5’ 
UTR:aptamer:globin 3’ UTR RNA were used. The concentrations of KCl 
used were 145 mM, 150 mM, 200mM and 300mM. The RNA-Bead complex 
was stable well beyond 75 mM Potassium chloride but became unstable and 
started to elute around 145 mM Potassium chloride (Figure 4.3). 
 
This experiment was important to the subsequent steps, as a clear difference in 
the protein bands between different RNA matrices was seen at 600 mM 
Potassium chloride and it was not known whether this concentration of 
Potassium chloride was compatible with stability of RNA-Bead complex. 
Hence, from these experiments it was decided that the washes cannot be done 
with buffers containing more than 145 mM Potassium chloride. 
 
The important optimization step that was inferred from these experiments is 












Figure 4.3: RNA gel for optimizing salt concentration in RNA washes for aptamer:sqt 3’ 
UTR and glo 5’ UTR:aptamer:glo 3’ UTR RNA. Lane 1-500bp RNA ladder; Lanes 2 -3 
Input RNA that was used in the experiment; Lanes 4-5 supernatant (SN) showing that all 
RNA was bound to the beads; Lanes 6-13 shows between 150 mM-300 mM of KCl RNA 
starts eluting from the beads. 
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4.1.3.    PROTEIN WASH OPTIMIZATION 
 
The protein wash buffer was modified for the purpose of using Zebrafish 
embryo lysate, from Hartmuth et al., 2002 and Ward et al., 2011. Experiments 
were performed to optimize a robust protein wash buffer in order to get a clear 
difference in the protein band patterns between different RNA matrices and to 
achieve reproducibility.  
 
The initial trials were done with the wash buffer containing 1xBP/2mM DDT, 
75mM Potassium chloride and .1% NP-40 buffer (75mM protein wash buffer; 
adapted from Hartmuth et al., 2002) and three washes were performed with 
750μl volume of buffer (Figure 4.4). This did not give any clear difference in 
the band patterns for aptamer:squint 3’UTR and globin 5’UTR:aptamer:globin 
3’UTR. As the three washes did not give a clear difference between the 
different RNA matrices, the same wash buffer was used but with six washes to 
see the efficiency of the washes. These washes also did not improve the 
specificity (Figure 4.5).  
 
The next step, I tried to check for the most stringent wash that can be used, 
which will give a clear difference in the protein bands in different RNA 
matrices. In order to do this the matrices were washed with increasing salt 
concentrations ranging from 150 mM, 300 mM, 600 mM and 1 M Potassium 
chloride. 1 M KCl concentration wash does not show any protein bands. At 
600 mM of KCl concentration a clear difference in the banding patterns 






Figure 4.4: Silver stained SDS-Page gel showing three washes with 75mM Protein 
wash buffer. Lane 1- Spectra Broad Range Protein Ladder; Lane 2- Input protein; 
Lanes 3-4 – Supernatant (SN) after incubation with the beads; Lanes 5-10- three 
washes (W1-W3)using the 75 mM protein wash buffer used in Hartmuth et al., 
2002; Lanes 11-12- Elution (E) shows no difference between the pulldown profile 






Figure 4.5: Silver stained SDS-Page gel showing six washes with 75mM Protein 
wash buffer. Lane 1- Spectra Broad Range Protein Ladder; Lanes 2-13- Six 
washes using the 75 mM protein wash buffer. 
48 
 
A recent paper described the use of the tobramycin affinity pull-down 
technique to isolate proteins binding to Dengue virus RNA using the SILAC 
technique (Ward et al., 2011). They used different wash buffers from that of 
Hartmuth et al., 2002. Hence, I started testing the stability of RNA at high 
concentration of KCl and as shown in the previous section these experiments 
showed that RNA-bead interaction was not stable beyond 145mM Potassium 
chloride (Figure 4.3). 
 
After this, I used a variation of the protein wash buffer from Ward et al., 2011 
with 2mM DTT (Figure 4.7). The number of washes was kept at six washes 
and the aptamer: squint 3’UTR and aptamer: squint Δ50 3’UTR were used as 
RNA for the matrix. This salt wash condition gave a clear difference in the 
protein band patterns for two different RNA’s and was also highly 
reproducible as shown by the reproducibility in the two independent preps 
(Figure 4.8).  In the figure 4.8, the protein bands present in the two 
independent aptamer:squint 3’UTR matrices are absent from the protein bands 
present in the aptamer:squintΔ50 3’UTR and vice versa. This clearly shows 
the high degree of reproducibility in the technique and the difference the 
protein binding to the different RNA matrices. 
The major optimization steps inferred from these experiments were 
- Six washes with the optimized protein washing buffer (see materials and 
methods) were seen to be efficient in giving a clear difference in the 
protein bands and neither three washes as suggested by Hartmuth et al., 




- Secondly we find that, for these experiments the protein wash buffer used 
by Ward et al., 2011, along with 2 mM DDT was the optimal buffer for 
washes. These washes were sufficient for protein concentrations in the 
range of 1 mg to 10 mg of protein.  
- Finally it was also observed that though the protein wash buffer with 600 
mM Potassium chloride gave a clear difference in the protein bands 
between different RNA matrices, the RNA-Bead complex was stable only 






Figure 4.6: Silver stained SDS-Page gel showing five washes with different salt 
concentrations for aptamer: sqt 3’ UTR and glo 5’ UTR: aptamer: glo 3’ UTR 
respectively in that order. Lane 1. Spectra Broad Range Protein Ladder; Lanes 2-
11- Washes using different concentrations of potassium chloride, shows a clear 
difference in the pulldown profile at 600 mM KCl and no protein bands are seen at 
1 M KCl. 
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Figure 4.7: Silver stained SDS-Page gel showing six washes with the optimized 
protein wash buffer. Lane 1- Spectra Broad Range Protein Ladder; Lanes 2 and 4- 
Elute (E) for the 2 different RNA matrices showing a clear difference pull down 





Figure 4.8: Silver stained SDS-Page gel showing elution for 2 independent 
experiments showing the band patterns to be reproducible. Lane 1. Spectra Broad 
Range Protein Ladder; Lane 2- Input used in the experiment; Lanes 3-4- Shows 
elute (E1)of a single pulldown experiment with the two different RNA matrices; 
Lanes 5-6- Elute (E2)of an independent experiment similar to lanes 3 and 4, 
showing the reproducibility of the technique. 
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4.2. DATA ANALYSIS 
 
For the Mass spectrometric analysis the experiment was performed with 10mg 
of protein and four different RNA namely  
- squint 5’UTR:aptamer:squint 3’UTR 
- aptamer:squint 3’UTR  
- aptamer:squint Δ50 3’UTR (Dorsal Localization element deleted) 
- globin 5’UTR:aptamer:globin 3’UTR 
 
Data analysis was done using the Peaks 5.3 software and this uses a predictive 
algorithm to predict peptides and to compare them with the database. The 
preliminary screening data was manually analysed by comparing the protein 
from the squint 5’UTR: aptamer: squint 3’ UTR with the proteins in the other 
three RNA aptamer pull-down. This is graphically represented in the figure 
(Figure 4.9). This was done with the rational that proteins present in the 
squint 5’UTR:aptamer:squint 3’UTR and aptamer:squint 3’UTR but not 
present in the aptamer:squintΔ50 3’UTR and globin 5’UTR:aptamer:globin 
3’UTR will be proteins that might be required for the localization. 
 
There were 172 proteins identified as being common to squint 
5’UTR:aptamer:squint 3’UTR and aptamer:squint 3’UTR but not present in 
the aptamer:squintΔ50 3’UTR and globin 5’UTR:aptamer:globin 3’UTR 
(Figure 4.10). In the Venn diagram the region that is overlapping between the 
green and the red circles but not in the others represents the 172 proteins 
described above.  
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There were 83 proteins that were identified as being common to squint 
5’UTR:aptamer:squint 3’UTR, aptamer:squint 3’UTR and aptamer: 
squintΔ50 3’UTR but not present in globin 5’UTR:aptamer:globin 3’UTR 
(Figure 4.9). The Venn diagram represents these 83 proteins in the 
intersection of red, green and purple circles and not in the blue circle. 
 
The proteins were further analysed based on the quality and length of the 
peptide using the Peaks software version 5.3. The criteria used at this stage 
were uniqueness of the hit in the database, minimum of 10 amino acids in the 
identified peptide and their known biological role. Based on this we narrowed 
down on 2 possible protein candidates namely Kif17 and RAVER1. But this is 
not an exhaustive analysis and the data has to be subjected to more analysis 





















Figure 4.10: Venn Diagram showing the protein present in common to either  
aptamer:sqt 3’ UTR and sqt 5’ UTR:aptamer:sqt 3’ UTR or common to  
aptamer:sqt 3’ UTR, sqt 5’ UTR:aptamer:sqt 3’ UTR and aptamer:sqtΔ50 3’ UTR. 
 
Figure 4.9: Schematic representing the RNA used and the logic for selection of 




Protein Accession number 5’-3’ 3’ Δ50 Globin 
similar to Oxysterol binding protein-
like 2 
XP_685655 + + - - 
LOC572555 hypothetical protein XP_701374 + + - - 
si:dkey-60a16.3 hypothetical protein XP_698079 + + - - 
igsf9l similar to Igsf9l protein, 
partial 
XP_686205 + + - - 
Novel protein similar to vertebrate 
ADAM metallopeptidase with 
thrombospondin type 1 motif, 10 
XP_693157 + + - - 
taf3 TAF3 RNA polymerase II NP_001036209 + + - - 
epb41 Protein 4.1 NP_778259 + + - - 
cytospin A XP_683059 + + - - 
Olf-1/EBF-like-2(OS) transcription 
factor 
XP_692323 + + - - 
usp5;MGC163140 MGC163140 
protein 
NP_001091856;;XP_001335907 + + - - 
zgc:55307 Zgc:55307 NP_957423 + + - - 
LOC568086 hypothetical protein XP_696486 + + - - 
214 kDa protein ENSDARP00000085638 + + - - 
her6 HER-6 protein NP_571154 + + - - 
tbx24 Tbx24 protein XP_702003 + + - - 
LOC558590 similar to sarcosine 
dehydrogenase 
XP_686911 + + - - 
similar to Nance-Horan syndrome 
protein 
XP_688091 + + - - 
slc9a6b Sodium hydrogen exchanger 
6 
NP_001106947 + + - - 
sc5d Sterol-C5-desaturase (Fungal 
ERG3, delta-5-desaturase) 
NP_001004630 + + - - 
Homomeric kinesin Kif17 
(Fragment) 
ENSDARP00000072027 + + - - 
LOC799719 Novel protein 
containing SEA domains 
ENSDARP00000092130 + + - - 
med12 Mediator of RNA polymerase 
II transcription subunit 12 
NP_001034550 + + - - 
LOC100007851 similar to Gypsy 
Danio rerio 1 polyprotein 
XP_001346203 + + - - 
LOC569823 similar to 
tetratricopeptide repeat domain 21B 
XP_698323 + + - - 
LOC569968 similar to FERM 
domain containing 5 
XP_698481 + + - - 
gli3 Zinc finger transcription factor 
Gli3 
NP_991291 + + - - 
Rab6-interacting protein 2 XP_688696 + + - - 
stx5a Syntaxin 5A NP_001002333 + + - - 
 
Table 1: Snapshot of the list of proteins common to aptamer:sqt 3’ UTR and sqt 5’ 




Protein Accession Number 5’-3’ 3’ Δ50 Globin 
LOC100003597 hypothetical 
protein 
XP_001343109 + + + - 
txnip Thioredoxin interacting 
protein 
NP_956381 + + + - 
 ENSDARP00000094876 + + + - 
dkeyp-117h8.3 Acyl-CoA 
synthetase family member 4 
XP_698902 + + + - 
 ENSDARP00000072099 + + + - 
syvn1 E3 ubiquitin-protein ligase 
synoviolin precursor 
SWISS-PROT:Q803I8 + + + - 
 ENSDARP00000081473 + + + - 
si:ch211-216l23.1 Zinc finger 
protein 423 
NP_001073499 + + + - 
LOC555728 similar to ALS2CR8 XP_683413 + + + - 
 NP_997849 + + + - 
si:dkey-183c16.1 Novel protein 
similar to human and mouse 
FYVE, RhoGEF and PH domain 
containing 6 
NP_001093450 + + + - 
LOC557126;si:ch211-245p7.3 
hypothetical protein 
XP_685223 + + + - 
 XP_686442 + + + - 
ribonucleoprotein, PTB-binding 
1 [Danio rerio] 
NP_001018503 + + + - 
znf207a Zinc finger protein 207, a NP_998362 + + + - 
dbh dopamine beta hydroxylase NP_001103164 + + + - 
PELP1 XP_001339018 + + + - 
LOC561204 similar to reverse 
transcriptase/ribonuclease 
H/putative methyltransferase 
XP_689703 + + + - 
si:ch211-122a20.1 hypothetical 
protein cadherin-13 [Danio rerio] 
XP_687082 + + + - 
zgc:63950 Rho GTPase-activating 
protein 29 
NP_956405 + + + - 
 XP_001338075 + + + - 
LOC565910 similar to cAMP 
responsive element binding protein 
5 
XP_694264 + + + - 
LOC565172 hypothetical protein XP_693549 + + + - 
LOC567408 similar to KIAA1566 
protein 
XP_695795 + + + - 
LOC553446 LOC553446 protein 
(Fragment) 
ENSDARP00000026432 + + + - 
Table 2: Snapshot of the list of proteins common to and sqt 5’ UTR:aptamer:sqt 3’ 





4.2.1 Kif17- Kinesin like Protein 17 
 
Kif17 is a homodimeric Kinesin II superfamily member. In zebrafish kif17 has 
14 exons and a molecular weight of ~100kD. The presence of the protein was 
also confirmed using western blots on zebrafish 1 cell embryo lysate (Figure 
4.12). This peptide was identified as a potential candidate as it was represented 
by at least 3 different peptides and was specifically found in the squint 
5’UTR:aptamer:squint 3’TUR and aptamer:squint 3’UTR but not in 
aptamer:Δ50 squint 3’UTR and globin 5’UTR:aptamer:globin 3’UTR (Table 
1, Table 3,  Figure 4.10 and Figure 4.12). The peaks in the mass spectra seen 
in Figure 4.13 shows clear Y-ions from Y1 to Y13 in the case of squint 
5’UTR:aptamer:squint 3’TUR and Y1 to Y12 in the case of aptamer:squint 
3’UTR. This shows that a long peptide of was positively and singly identified 

































Figure 4.13: Mass spectra for KIF17 peptide in sqt 5’ UTR: aptamer: sqt 3’ UTR 
and aptamer: sqt 3’ UTR 
 
Figure 4.12: Western Blotting for protein lysates from 1 cell stage Zebrafish embryo 
probed with Rabbit polyclonal antibody against KIF-17 (ab11261, Abcam).  
Lane 1 to 3. Different concentrations of 1 cell stage Zebrafish Embryo lysate 250ηg, 
500ηg and 1µgrespectively. 




















































4.2.2 Raver 1 - (RIBONUCLEOPROTEIN, PTB [Polypyrmidine Tract 
Binding] binding 1) 
 
Raver1 is a dual compartment protein that interacts with PTB protein 
(Hüttelmaier et al., 2001). In zebrafish the Raver1 gene has 4 exons and is a 
312 amino acid protein. It has a molecular weight ~35kD. This protein was 
identified as a potential candidate as this represented by the same peptide of 
good length in squint 5’UTR:aptamer:squint 3’UTR, aptamer:squint 3’UTR 
and aptamer:squint Δ50 3’UTR but not in globin 5’UTR:aptamer:globin 
3’UTR (Table 2, Table 3, Figure 4.14 and Figure 4.15). The peaks in the 
mass spectra seen in figure 4.15 shows clear Y-ions from Y1 to Y7 in the case 
of squint 5’UTR:aptamer:squint 3’TUR, aptamer:squint 3’UTR and aptamer: 
squintΔ50 3’ UTR . This shows that the same peptide was identified in all the 

















Figure 4.15: Mass spectra for RAVER1 peptide in sqt 5’ UTR: aptamer: sqt 3’ 
UTR, aptamer: sqt 3’ UTR and aptamer: sqtΔ50 3’ UTR. 
 














































































CHAPTER 5: DISCUSSION 
 
5.1 TOBRAMYCIN AFFINITY PULLDOWN TECHNIQUE IS 
ROBUST AND REPRODUCIBLE 
 
Tobramycin affinity purification to isolate RNP complexes was optimized to 
use zebrafish 1 cell embryo lysate. I performed this technique multiple times 
with independent preps of both RNA and protein lysates and showed it to be 
highly robust and reproducible. Between two independent preps the band 
patterns are very similar for the same RNA (Figure 4.8). 
 
squint RNA is used as a bait for the pulldown. squint RNA has roles in dorso-
ventral patterning, axis determination, pluripotency and metastasis. Sqt was 
previously shown to localize asymmetrically in 4 cell stage embryo in a 
microtubule dependent manner. The tobramycin affinity purification technique 
is an improved method for purifying RNA complex as compared RNA gel 
shift method, with its ability to purify the entire RNP complex including the 
indirect binders. Thus, the proteins identified using tobramycin affinity pull 
down would tell us more about the localization process (Gore et al., 2002 and 
2005) and mechanisms of dorsal expansion (Lim et al., 2012). 
 
The tobramycin affinity purification technique that I have optimized is an 
adaptation of two different protocols from Hartmuth et al, 2002 and Ward et al, 
2011.  Ward et al described the use of the Tobramycin affinity purification 
technique for the isolation of RNA binding proteins using the SILAC method, 
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for a Dengue virus RNA (Ward et al., 2011). The authors described a wash 
buffer that had the same amount of salts as found optimal in my experiment, 
with some modifications. I modified this buffer with higher concentration of 
DTT in my protocol with greater number of washes and found it to be optimal.  
 
The lysis buffer used was also adapted from the Hartmuth et al., 2002 with 
minor modifications. This buffer was found to be sufficient for making a good 
quality zebrafish 1 Cell embryo lysate. After lysis, the lysate was blocked 
using heparin which was necessary in our case to reduce the non-specific 
binding. 
 
Thus a robust and reproducible RNA affinity purification technique using 
Tobramycin aptamer was optimized and shown to be efficient in purifying 
RNP complexes. This was further supported by the presence of a validated 
squint RNA binding protein (Ybx1) in the 3’UTR containing preps but not in 








Construct Ybx1 KIF17 RAVER1 
squint 5’ UTR:aptamer:squint 3’ UTR Present Present Present 
aptamer:squint 3’ UTR Present Present Present 
aptamer:squint Δ50 3’ UTR Absent Absent Present 










Table 3: Table showing preliminary data for the positive control Ybx1 and the two 




5.2     TWO CANDIDATES IDENTIFIED AND MANY MORE LEFT. 
 
The preliminary analysis has helped us narrow down on two potential 
candidates that needs to be validated. These candidates were identified based 
on their presence in the pull down with specific RNA of interest and the 
quality of peptide reads. Their biological roles also provided clues about their 
possible function in early development. The two potential candidates that I 
described are Kinesin like Protein-17 (Kif-17) and Ribonucleoprotein, PTB 
interacting 1(Raver1). 
 
5.2.1.   KIF17 (Kinesin- Like Protein 17) 
 
Kif17 has roles in anterograde intraflagellar transport, chemosensory neuron 
development, osmotic avoidance and other chemosensory responses including 
dauer formation in Caenorhabditis elegans (Cole et al., 1998, Culotti 
&Russell, 1978, Perkins et al., 1986). In higher mammals it has been shown to 
have a role in synaptic plasticity as it regulates transport of neurotransmitter 
receptor and ion channels (Setou et al., 2000, Chu et al., 2005). KIF17 also 
plays an important role in synaptic plasticity and memory in mouse models 
(Wong et al., 2002, Yin et al., 2012). In zebrafish KIF17 has been shown to 
have roles in the development of the photoreceptor sensory outer segment and 
limited roles in the nasal cilia (Insinna et al., 2008, Zhao et al., 2012). Also 





Kif17 interaction with sqt RNA needs to be further validated using RNA-
Immunoprecipitation (RNA-IP) technique (Niranjanakumari et al., 2002). 
RNA-IP works on the principle of isolating cross-linked RNP complex using a 
specific antibody against the protein of interest and then checking if RNA of 
interest is bound to the protein. This technique is the reverse of RNA affinity 
pulldown as this technique pulls down protein bound to the RNA. After the 
preliminary validation, a maternal genetic mutant affecting Kif17 can be 
generated to analyse for defects in squint RNA localization and early 
development. 
 
5.2.2. RAVER1 (RIBONUCLEOPROTEIN, PTB [Polypyrmidine Tract 
Binding] binding 1) 
 
Raver1 is a dual compartment protein (Hüttelmaier et al., 2001) and is known 
to interact with cytoskeletal cross linking proteins like Vinculin and α-actinin 
(Hüttelmaier et al., 2001, Lee et al., 2009). Raver1 has 3 RRM motifs along 
with a nuclear localization signal (Hüttelmaier et al., 2001). It has role in 
alternative splicing of α-tropomyosin as a splicing repressor, synergistically 
with PTB protein. This function is independent of the RRM motif but 
dependent on interaction with PTB (Gromak et al., 2003). 
 
Raver1 is also known to transport RNA to focal adhesion (Lee et al., 2009). 
Thus Raver1 can bind cytoskeletal proteins, transports RNA and involved in 
splicing, making it a bona-fide RNA transport and processing protein. Apart 
from this, it has been shown that Raver1 interacts with PTB and PTB has roles 
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in RNA processing and translation control. In myeloma PTB interacts with 
Ybx1, the validated squint RNA binding protein, to regulate the translation of 
c-myc gene (Cobbold et al., 2010) and a presence of an internal PTB binding 
site in the Hep-C virus attenuates its translation (Ito et al., 1999). Also, PTB 
can facilitate interaction between the 5’UTR and 3’UTR in the Hepaciviridae 
family RNA (Edgil et al., 2006 and Ito et al., 1999).  These functions of 
Raver1 and its associated protein PTB makes them good candidates to be 
involved in squint RNA transport and other functions.  
Though, Raver1 protein was pulled down with all the three RNA except 
globin, its physiological roles, the quality of peptides and its specificity to 
squint RNA constructs, warrants further validation of this candidate. Since 
there is no antibody available to detect zebrafish Raver1, the preliminary 
validation can be done using RNA gelshift experiments to determine if the 
protein of interest binds directly to the RNA of interest. This is done by over-
expressing the protein of interest in the bacteria and then incubating it with the 
radiolabelled RNA of interest. This is then run on a native gel and if they both 
interact there would be a shift in the mobility of the RNA. This is a good 
technique to study RNA binding proteins. After this preliminary validation a 
maternal genetic mutant affecting Raver1 has to be analysed for defects in 













CHAPTER 6: CONCLUSION AND FUTURE DIRECTIONS 
 
RNA localization, being one of the most commonly used developmental 
strategies to define the body plan, needs a multitude of factors that coordinate 
and orchestrate this process in a reproducible fashion. Among these factors, 
the common ones are the motor proteins and other cytoskeletal interacting 
protein that bind localizing RNA either directly or indirectly. It has been an 
object of scientific enquiry to decipher the rules of localization, namely, the 
elements in the RNA, the protein factor that form the RNP complex, the 
function of such a localization event and finally the process of decoding the 
localized information. Our lab’s interest on squint RNA localization 
mechanism, led us to use the RNA gel-shift method to identify the protein 
involved in the process. This method identified direct RNA binders, but, none 
of them were motor proteins or microtubule interacting proteins. 
In order to circumvent these limitations I optimized the tobramycin affinity 
purification protocol (Hartmuth et al., 2002; Ward et al., 2011), which have 
been previously used in the context of cells lines. The optimized technique 
was robust and reproducible even in the high milligram range of protein 
concentration (up to 10mg). The preliminary experiments and analysis 
identified many proteins which need to be validated. For these validated 
proteins, maternal mutants in Zebrafish should be generated and role of the 
maternal products should be studied. The deciding tests for the role of proteins 
in the mutants will be the defects in the localization of sqt RNA. These defects 
can include localization arrest in the yolk, diffuse pattern in the blastoderm etc. 
This can be detected using RNA in-situ hybridization on a 4 cell stage embryo. 
An alternative to this technique would be to image the movement of the RNA 
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in a live embryo using the MS2 system. To take advantage of this system the 
maternal mutant fish for the candidate proteins should have a transgenic sqt-
MS2 construct and the MS2-Coat protein-GFP construct. This fish when 
mated to a wild type male will give rise to embryos that do not have a 
maternal product of the candidate protein and also the tagged sqt-MS2 RNA 
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